can induce a schizophrenia-like psychosis, but the role of NMDA receptors in the pathophysiology of schizophrenia remains unclear. Expression patterns of mRNAs for five NMDA receptor subunits (NRl/NR2A-D) were determined by in situ hybridization in prefrontal, parieto-temporal, and cerebellar cortex of brains from schizophrenics and from neuroleptic-treated and nonmedicated controls. In the cerebral cortex of both schizophrenics and controls, mRNAs for NRl, NR2A, NR2B, and NR2D subunits were preferentially expressed in layers ll/lll, Va, and Vla, with much higher levels in the prefrontal than in the parieto-temporal cortex. Levels of mRNA for the NR2C subunit were very low overall. By contrast, the cerebellar cortex of both schizophrenics and controls contained very high levels of NR2C subunit mRNA, whereas levels for the other subunit mRNAs were very low, except NRl , for which levels were moderate. Significant alterations in the schizophrenic cohort were confined to the prefrontal cortex. Here there was a shift in the relative proportions of mRNAs for the NR2 subunit family, with a 53% relative increase in expression of the NR2D subunit mRNA. No comparable changes were found in neuroleptic-treated or untreated controls.
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These findings indicate regional heterogeneity of NMDA receptor subunit expression in human cerebral and cerebellar cortex. In schizophrenics, the alterations in expression of NR2 subunit mRNA in prefrontal cortex are potential indicators of deficits in NMDA receptor-mediated neurotransmission accompanying functional hypoactivity of the frontal lobes.
Key words: glutamate; excitatory amino acid receptors; human association cortex; frontal lobe; temporal lobe; cerebellum The NMDA receptor channel blockers, ketamine and phencyclidine, in normal human subjects can induce psychosis that includes many symptoms and cognitive disturbances commonly observed in patients with schizophrenia (Javitt and Zukin, 1991; Krystal et al., 1994) . Disturbances of NMDA receptor-mediated neurotransmission may therefore be involved in the pathophysiology of schizophrenia (Olney, 1989; Carlsson and Carlsson, 1990; Bunney et al., 1995) . In schizophrenics, NMDA receptor antagonists produce long-lasting exacerbations of psychotic symptoms (Luby et al., 1959) , whereas treatment with glycine, an obligatory facilitator of NMDA receptors (Johnson and Ascher, 1987) , can lead to improvement of symptoms, at least in some patients (Rosse et al., 1989; Potkin et al., 1990; Javitt et al., 1994) .
Currently, evidence for a defect of NMDA receptor function in schizophrenia remains inconclusive. Receptor binding studies report inconsistent abnormalities in NMDA receptor distribution in prefrontal or medial temporal cortex of schizophrenic brains (Kornhuber et al., 1989; Kerwin et al., 1990; Simpson et al., 1991; Ulas and Cotman, 1993; Ishimaru et al., 1994) . Increased binding has been reported in the putamen of schizophrenics, but it may be caused by neuroleptic medication (Kornhuber et al., 1989; Fitzgerald et al., 1995) .
The recent cloning of several NMDA receptor subunits (Kutsuwada et al., 1992; Monyer et al., 1992) makes it possible to study potential disturbances of NMDA-receptors in the schizophrenic brain at the molecular level. Native NMDA receptors consist of heteromeric assemblies of subunits (Kumar et al., 1991) . Five NMDA receptor subunits (NRl/NR2A-D) have been identified in mammalian brain (Hollmann and Heinemann, 1994) . Native NMDA receptors are thought to be composed of an NRl subunit together with different NR2 subunits; these show differential binding affinities for agonists and antagonists and differences in conductance properties, in sensitivity to sulfhydryl redox agents, and in threshold of voltage-dependent Mgzt blockade (Kutsuwada et al., 1992; Monyer et al., 1994; Ishii et al., 1993; Kohr et al., 1994; Le Bourdelles et al., 1994; Sullivan et al., 1994) . Expression of different combinations of receptor subunits in vivo indicates that the functional properties of NMDA receptors are regulated in part by differential gene expression for individual subunits (Buller et al., 1994; Farrant et al., 1994; Fitzgerald et al., 1995) .
Any changes in gene expression for NMDA receptor subunits in brains of schizophrenics may indicate abnormalities in the molecular composition and biophysical properties of NMDA receptors. However, with the exception of the NRl subunit (Backers et al., 1994) , there have been no studies of the pattern of gene expression for NMDA receptor subunit polypeptides in human brain, and nothing is known about potential alterations in schizophrenia. Postmortem brains of schizophrenics and controls were used in the present study to analyze expression of all five NMDA receptor subunit mRNAs and the relative proportions of the mRNAs for the four NR2 subunit polypeptides in prefrontal cortex, a neocortical region thought to be primarily involved in the pathophysiology of schizophrenia . The findings were compared with data obtained from parieto-temporal cortex and cerebellar cortex of the same brains.
MATERIALS AND METHODS
Three groups of brains were included in this study. The first group consisted of brains from 15 schizophrenics (Table l) , the second group consisted of brains from 15 controls who had had no neurological or psychiatric illness, and the third group consisted of brains from eight cases with three different neurological and psychiatric disorders, united by their previous exposure to neuroleptics (bipolar affective disorder, five cases; bipolar affective disorder and psychoactive substance abuse, one case; and Alzheimer's disease, two cases). This group was included to determine whether changes observed in the schizophrenic cohort could be attributable to neuroleptic treatment. The term "controls" will be used for the second group, and the term "neuroleptic-treated controls" will be used for the third group. A medical history before death was available for every case. Brain tissue was obtained from a brain bank in the Department of Anatomy and Neurobiology at the University of California, Irvine. Diagnosis of schizophrenia and of other psychiatric disorders was made pre-and postmortem by using DSM IV criteria. Clinical diagnosis suggestive of Alzheimer's disease in two cases of the neuroleptic-treated cohort was confirmed by detailed neuropathological examination according to CERAD criteria. All schizophrenics had a chronic, nonremitting pattern of illness. Schizophrenics with other psychiatric or neurological disorders, including substance abuse, were excluded. The three groups of brains had only minimal and nonsignificant differences with regard to age, autolysis time (time between death and freezing of the brains), and storage period of the frozen brains (Table 1) .
Neuroleptic drugs taken by 14 of the 15 schizophrenics and the 8 neuroleptic-treated controls at the time of death were butyrophenones, phenothiazines, and thioxanthenes. Atypical neuroleptics such as benzamides (e.g., Sulpiride) or dibenzazepines (e.g., Clozapine) had not been taken by any of the cases. The remaining schizophrenic had received no neuroleptics in the 10 years before death.
Procedures for removal and storage of the brains have been described previously (Jones et al., 1992) . From the left side of each schizophrenic and normal control brain, blocks were cut from the following regions: (1) the pole of the frontal lobe corresponding to Brodmann's area 10 (Brodmann, 1909; Preuss and Goldman-Rakic, 1991) ; (2) the angular gyrus at the junction of the parietal and temporal lobes corresponding to Brodmann's area 39 (Brodmann, 1909) ; and (3) the cerebellar cortex located in the dorsolateral portion of the cerebellar hemisphere (lateral to vermal lobules I to V). From each brain of the neuroleptic-treated cohort, blocks were cut only from the frontal lobe (area 10).
All blocks were brought from -75°C up to 4°C over a period of 20 min. They were then fixed by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 24 hr, infiltrated with 30% sucrose, and refrozen in dry ice. None of the brains showed freezing artifacts at the level of light microscopy, which is in accord with previous studies on frozen specimens derived from the same brain bank.
Blocks of cerebral cortex were cut in six series of 60-pm-thick sections and one series of 30-wrn-thick sections on a freezing microtome. One series of 60-pm-thick sections was stained with thionin, and the remainder were stored in sterile 4% paraformaldehyde at 4°C for 72 hr, then processed free-floating for in situ hybridization histochemistry. The 30-pm-thick sections were used for thioflavin-S staining. Except for the two Alzheimer's cases, none of the brains showed evidence of a chronic neurodegenerative process.
Blocks of cerebellar cortex were cut in six series of 50-pm-thick sections on a freezing microtome, stored in sterile 4% paraformaldehyde at 4°C for 8 hr, then mounted on Vectabond (Vector)-coated slides, air-dried for a period of 24 hr, then defatted by incubation in chloroform/ ethanol (1:l) for 24 hr, rehydrated in descending alcohols, then air-dried again for 6 hr and stored at -75°C until further processing as slidemounted sections for in situ hybridization histochemistry. Adjacent sections were stained with thionin. The slide-mounted procedure was necessary because the very fine folial pattern of the cerebellar cortex made this tissue unsuitable for the free-floating procedure.
In situ hybridization histochemistty.
The following cDNA templates of NMDA-receptor subunits were used for the construction of ""P-labeled cRNA probes with similar G/C ratios and a similar specific activity of -1.6 X 10' cpm/pg. No cross-hybridization of the probes was observed when used in Northern blot or RNase protection assays with rat brain total RNA (N. J. Sucher, unpublished observations).
(1) A 2700 bp cDNA clone fully complementary to the mRNA of splice variant C of the NRl subunit and 93-100% complementary to the entire cDNA length of the other splice variants of the NRl subunit (Sugihara et al., 1992) , cloned into the SmaI restriction site of the pBKS(+) Bluescript vector, was linearized with Xbal for the construction of antisense cRNA probes and with Hind111 for the construction of sense cRNA probes.
(2) A 566 bp segment, corresponding to bases 1585-2154 of rat NRZA cDNA (GenBank accession number M91561), cloned into the SmaI restriction site of the pBKS(+) Bluescript vector, was linearized with BumHI for the construction of antisense cRNA probes and with EcoRI for the construction of sense cRNA probes.
(3) A 569 bp segment, corresponding to bases 1423-1992 of rat NR2B cDNA (GenBank accession number M91562), cloned into the SmaI restriction site of the pBKS(+) Bluescript vector, was linearized with BamHI for the construction of antisense cRNA probes and with EcoRI for the construction of sense cRNA probes.
(4) A 295 bp segment, corresponding to bases 1525-1820 of rat NR2C cDNA (GenBank accession number M91563), cloned into the EcoRI/ KpnI restriction site of the pBKS(-) Bluescript vector, was linearized with EcoRI for the construction of antisense cRNA probes and with KpnI for the construction of sense cRNA probes.
(5) A 592 bp segment, corresponding to bases 1471-2063 of rat NR2D cDNA (GenBank accession number D913213), cloned into the SmaI site of the pBKS( +) vector, was linearized with BamHI for the construction of antisense and with EcoRI for the construction of sense cRNA probes.
For in situ hybridization histochemistry, all solutions were prepared under sterile conditions. Free-floating sections (five/brain/area/riboprobe) were washed twice in 0.1 M glycine/O.l M phosphate buffer (3 min each), then washed in 0.1 M phosphate buffer (15 min) followed by treatment with proteinase K (2 &ml, pH 8.0, 37°C for 10 min), then incubated in 0.25% acetic anhydride/O.l M triethanolamine (10 min), and washed twice in 2X SSC (containing sodium thiosulfate, 0.16 gm/lOO ml) for 15 min each. Sections were then incubated for 60 min at 60°C in the hybridization solution, which contained 50% deionized formamide, 10% dextran sulfate, 0.7% Ficoll, 0.7% polyvinyl pyrolidone, 10 mg/ml bovine serum albumin, 0.35 mg/ml denaturated herring sperm, 0.25 mgiml yeast tRNA, and 40 mM/ml dithiothreitol. After this preincubation step, sections were transferred to fresh hybridization solution containing 1.5 X lo6 cpm/pl of the 33P sense or antisense riboprobe for 48 hr at 60°C. After hybridization, sections were washed twice in 4X SSC at 60°C for 15 min each, treated with 20 @g/ml ribonuclease A (pH 8.0 for 30 min at 45"(Z), washed twice in 2X SSC (each for 30 min at room temperature), twice in 0.5X SSC (30 min at 60°C each), and twice in 0.1X SSC (30 min at 60°C each). After a final wash in 0.1~ SSC (30 min at room temperature), sections were mounted from 0.1 M phosphate buffer on gelatin-coated slides, exposed on Amersham p max film for 6 (NRl) or 9 (NR2A-D) d at 4°C. After development of the film, sections were counterstained with thionin, dehydrated through ascending alcohols, and coverslipped with DPX. The in situ hybridization protocol for the slide-mounted cerebellar sections was similar to that described above, except that the incubation time for the treatment with proteinase K was 30 min instead of 10 min and preincubation in hybridization buffer was omitted. Instead, the sections were air-dried for 1 hr after the last 2X SSC wash, before being exposed for 48 hr to hybridization buffer containing radiolabeled cRNA probe. For all cerebellar sections, the exposure time on /3 max film was 11 d.
Hybridization with radiolabeled sense riboprohes resulted in very weak background labeling over the cerebral and cerebellar cortex and subcortical white matter, with indistinguishable borders between gray matter and white matter (Fig. 1) .
Determination of mRMA levels. Film autoradiograms of sections hybridized with "'P-labeled antisense cRNA probes were quantified under blind conditions by densitometry, using a microcomputer imaging device (MCIDIM4, Imaging Research, St. Catherine's, Ontario). For the prefrontal and the parieto-temporal cortex, optical density readings were taken in 300-pm-wide vertical strips across the full thickness of the cortex, and optical densities were determined separately for the thickness of each cortical layer by matching the autoradiogram readings to digitized images of the adjacent Nissl-stained section. Density readings in layers III, V, and VI included all sublayers (IIIa-c; Va,b; VIa,b) . Optical density over white matter >3 mm deep to overlying cortex was determined, and this value was used for background subtraction. From the five sections of each brain, anatomical region, and subunit, 10 measurements were taken. Absolute values of radioactivity in nanocuries per gram were determined from 14C plastic standards (Amersham) exposed on the same sheet of film.
In the cerebellar cortex, optical densities were taken over the granule cell layer in a rectangular frame (300 X 200 pm wide) and the density taken over cerebellar white matter >l mm distant from overlying cortex was used for background subtraction.
Statistical analysis. For each brain, anatomical region, and subunit, the mean value of the 10 measurements was calculated. In the prefrontal and parieto-temporal cortex, the mean values for each of the six cortical layers were calculated separately, in addition to the arithmetic mean of the six cortical layers together. The relative proportions of the four NR2 subunit mRNA were determined for each case and each anatomical region (prefrontal cortex, parieto-temporal cortex, cerebellar cortex) separately by using the value of a particular NR2 subunit as the numerator and the sum of all four subunits (NR2A-D) as the denominator. For each cohort, the mean and SEM was calculated as the mean of the individual mean values.
Significance of differences in mRNA levels between the schizophrenic and control cohorts was tested for each anatomical region separately by using multivariate analysis of variance (MANOVA) with repeated measures and by using the cohorts as groups and the mean values of the five subunits, averaged across layers, as variates. In,addition, ANOVA was conducted for each subunit separately.
For each anatomical region, significance of differences in the proportions of NR2 subunit mRNAs was determined between cohorts by using MANOVA with two cohorts as groups and the proportions of the four NR2 subunits as variates, and ANOVA was conducted to determine significance of differences for each NR2 subunit separately. The MANOVAs and ANOVAs were performed with BMDP software (BMDP Statistical Software, Los Angeles, CA), using a procedure described by Tatsuoka (1988) .
RESULTS
Laminar expression of NMDA receptor subunit mRNA in the prefrontal and parieto-temporal cortex Hybridization with the NRl probe
In control brains, hybridization with antisense riboprobes for NRl subunit mRNA resulted in significant labeling of all six coI'tica1 layers (Fig. 2B ). In the prefrontal cortex, labeling was heavy in layers II, IIIa-c, Va, and Via. Labeling in layers IV, Vb, and VIb was less pronounced. Layer I showed the weakest hybridization. In the parieto-temporal cortex, labeling was most pronounced in layers II, IIIa, IIIc, Va, and Via, with intermediate labeling in layers IIIb, IV, and Vb, and lowest levels in layers I and VIb (Fig.  3B) . Sections from the schizophrenic and neuroleptic-treated control brains showed a laminar pattern of hybridization similar to that described for the controls.
Hybridization with the NR2 probes
In control brains, sections hybridized with antisense riboprobes for NR2A, NR2B, and NR2D subunit mRNAs resulted in significant labeling of all cortical layers. Labeling of sections hybridized with NR2A and NR2B subunit cRNA probes was more intense (Fig. 2C,D) , compared with the labeling of sections hybridized with NR2D subunit cRNA probes (Fig. 2F) . The laminar expression pattern of the NR2A and NR2B subunit mRNAs was similar to that seen in sections hybridized with NRl probes. In the prefrontal cortex, labeling was pronounced in layers II, IIIa-c, Va, and Via, with intermediate labeling in layers IV, Vb, and VIb, and lowest labeling in layer I (Fig. 2C,D) . In the parieto-temporal cortex, labeling was most pronounced in layers II, IIIa-c, IV, Va, and Via, compared with layers I, Vb, and VIb (Fig. 3C,D) . The expression of NR2D subunit mRNA in the prefrontal and parietotemporal cortex was more pronounced in layers II, IIIa-c, IV, Va, and Via, compared with layers I, Vb, and VIb (Figs. 2F, 31; ).
Sections of control brains that were hybridized with antisense riboprobes for NR2C subunit mRNA showed very weak labeling over layers II-VI of the prefrontal and parieto-temporal cortex, but no further differentiation of the laminar expression pattern was detected (Figs. 2E, 3E) . The faint signals on autoradiograms of the relevant sections compared with controls indicated that levels of expression for this subunit were close to the lower limit of the detectability of specific mRNA expression.
Sections of schizophrenic and neuroleptic-treated control brains hybridized with the NR2 probes showed the same laminar expression pattern as described for the controls.
Expression of NMDA receptor subunits in the cerebellar cortex Hybridization with the NRl probe Sections from control brains hybridized with NRl antisense cRNA probes resulted in very intense labeling in the Purkinje cell layer, with additional strong labeling in the granule cell layer of the cerebellar cortex. In the Purkinje cell layer, clusters of intense hybridization signal were visible over the row of Purkinje cells as seen in adjacent Nissl-stained sections (Fig. U,B) . Labeling intensity in the molecular layer was low and similar in intensity to Figure 2 . Photomicrographs of a thionin-stained section (A) from the prefrontal cortex (Brodmann's area 10) and of film autoradiograms (B-F) of adjacent sections hybridized with NRl, NR2A, NR2B, NR2C, and NR2D subunit-specific cRNA probes as indicated (B-F) , showing the laminar expression pattern of the subunit-specific mRNAs in layers I-VI of a control brain. Inset in B is from a schizophrenic brain and shows the same laminar pattern of NRl subunit expression. This is typical of all probes used. WA4, white matter. Scale bar, 500 pm. the labeling of the white matter. Sections from the schizophrenic brains showed a laminar pattern of hybridization similar to that described for the controls.
Hybridization with the NR2 probes Sections from cerebella of control brains hybridized with NR2C cRNA probes showed very intense labeling in the granule cell layer, whereas labeling in the Purkinje cell layer and in the molecular layer was very low and similar in intensity to the background labeling in the white matter (Fig. 4E ). Sections from control brains hybridized with NR2A, NR2B, and NR2D cRNA probes showed very weak labeling in the granule cell layer (Fig.  4C ,D,P). Labeling intensity in the molecular layer and in the Purkinje cell layer was weakest and similar in intensity to the background labeling of the white matter. Sections from cerebella of schizophrenic brains showed a laminar pattern of hybridization and differential intensity of labeling for the individual NR2 subunit mRNA similar to that described for the controls.
Quantitative analysis of NMDA receptor subunit mRNA levels in the prefrontal and parieto-temporal cortex in schizophrenic and control brains Levels of mRNA in individual cortical layers NRl subunit. In the prefrontal cortex of the control cohort, levels of mRNA for the NRI subunit were 811-907 nCi/gm in layers II-VI and 151 nCi/gm in layer I (Fig. 5A ). The differences compared with the schizophrenic cohort were <5% in layers II-VI, but there was a 13% decrease in NRl mRNA levels in layer I of schizophrenics. These differences did not reach the level of significance (p = 0.91). In neuroleptic-treated controls, there was an 18% increase in NRI mRNA levels in layer I, together with a 8-23% decrease in layers II-VI, compared with controls. These differences did not reach the level of significance (p = 0.92).
In the parieto-temporal cortex of the control cohort, levels of mRNA for the NRI subunit were 556-660 nCi/gm in layers II-VI and 87 nCi/gm in layer I (Fig. 5B) . Schizophrenics showed a II-20% decrease in NRl mRNA levels in layers I-VI, compared with normal controls (Fig. 5B ). These differences were not significant (JJ = 0.40).
NR2A subunit. In the prefrontal cortex of the control cohort, levels of mRNA for the NR2A subunit were 439-517 nCi/gm in layers II-VI and 37 nCi/gm in layer I (Fig.-6A) . In the schizophrenic cohort there was a IO-16% decrease in layers II-VI and a 12% increase in layer I, but these did not reach the level of significance (p = 0.31). In the neuroleptic-treated control cohort, there was a lo-15% decrease in layers II-VI compared with '""1 A '""1 D Figure 6 . Levels of NR2 subunit-specific mRNA expression, as indicated on the abscissae, across the six cortical layers (ordinates) in the prefrontal (A, C, E, G) and in the parieto-temporal (B, D, F, H) cortex. Conventions are the same as in Figure 5 . Differences within layers are not statistically significant except for NR2C (asterisks, E).
controls. These differences did not reach the level of significance 0, = 0.72).
In the parieto-temporal cortex of the control cohort, levels of mRNA for the NR2A subunit were 258-353 nCi/gm in layers II-VI and 10 nCi/gm in layer I (Fig. 6B) . The schizophrenic cohort showed a 3-8% decrease compared with controls. These differences were not significant (p = 0.89).
NR2B subunit. In the prefrontal cortex of the control cohort, levels of mRNA for the NR2A subunit were 48-629 nCi/gm in layers II-VI and 60 nCi/gm in layer I (Fig. 6C) . In the schizophrenic cohort, there was a 16-25% decrease in all layers, but this did not reach the level of significance (p = 0.36). In the neuroleptic-treated control cohort, there was a IO-25% decrease in layers I-VI compared with controls, but these differences did not reach the level of significance (p = 0.24).
In the parieto-temporal cortex of the control cohort, NR2B mRNA levels were 314-400 nCi/gm in layers II-VI and 56 nCi/gm in layer I (Fig. 60) . Schizophrenics showed a 3-10% decrease in all layers, but these differences were not significant (p = 0.50).
NR2C subunit. In the prefrontal cortex of controls, levels of mRNA for the NR2C subunit were 49-57 nCi/gm in layers II-VI and 22 nCi/gm in layer I (Fig. 6E) . In the schizophrenic cohort, there was a 22-41% decrease in mRNA levels for NR2C subunit in layers I-VI. These differences were significant ('p = 0.02). In PFC, prefrontal cortex; PTC, parieto-temporal cortex.
neuroleptic-treated controls, there was a 6-14% decrease in mRNA levels for NR2C subunit in layers I-VI compared with controls. These differences were not significant (p = 0.97). NR2
In the parieto-temporal cortex of controls, mRNA levels for NR2C subunit were 38-55 nCi/gm in layers II-VI and 32 nCi/gm in layer I (Fig. 6F ). In the schizophrenic cohort, there was a lo-21% increase in mRNA levels for NR2C subunit. These differences were not significant (p = 0.76). NR2D subunit. In the prefrontal cortex of controls, levels of D mRNA for the NR2D subunit were 265-330 nCi/gm in layers II-VI and 43 nCi/gm in layer I. In the schizophrenic cohort, there was a 7-28% increase in mRNA levels for NR2D subunit in layers NRPC NRPC II-IV and a 40% increase in layers V and VI, together with a 5% decrease in layer I (Fig. 6G ). These differences between the two cohorts did not reach the level of significance (p = 0.15). The differences between the neuroleptic-treated, nonschizophrenic cohort and the control cohort were <lo% in layers I-VI and without C is not significant. The lack of change in relative proportions of NR2 subunit mRNA in the parieto-temporal cortex of schizophrenics is shown nCi/gm in layer I. In the schizophrenic cohort, there was a 3-10% in D and of controls in E. decrease in levels of NR2D mRNA in layers II-VI, together with a 20% increase in layer I (Fig. 6H ). These differences did not reach the level of significance (p = 0.78).
Relative proportions of mRNA for NR2 subunits in schizophrenia and control brains Overall levels of mRNA in prefrontal and parietotemporal cortex of schizophrenic and control brains
In the prefrontal cortex of controls, the relative proportions of the NR2 subunit mRNA, listed in descending order, were 39 + 3% Overall levels of mRNAs for the five NMDA receptor subunits (NR2B), 37 t 5% (NR2A), 19 + 2% (NR2D), and 3.5 + 0.6% did not show significant differences between the prefrontal cortex (NR2C) (Fig. 7A,B) . In the prefrontal cortex of schizophrenics, of the schizophrenic and the control cohort (MANOVA: F (5,24) the relative proportions of NR2 subunit mRNA were 35 + 3% = 1.79, p = 0.15). Also, no significant differences were found for (NR2B), 33 2 3% (NR2A), 29% + 3% (NR2D), and 2.1 t 0.5% overall mRNA levels in the parieto-temporal cortex (MANOVA: (NR2C) (Fig. 7A,B) . The differences between the two cohorts F (5,24) = 1.15,~ = 0.36). Overall mRNA levels in the prefrontal were significant (MANOVA: F (3,26) = 3.18,~ = 0.03). The 53% cortex of the neuroleptic-treated control cohort did not differ increase in the proportion of NR2D subunit mRNA in the schizosignificantly from the control cohort (MANOVA: F (5,18) = 0.28, phrenic cohort was significant (ANOVA: F (1,28) = 5.55, p = p = 0.92) or from the schizophrenic cohort (MANOVA: F (5,18) 0.025) (Fig. 8 ) in contrast to the ll-13% decrease in the propor-= 1.87,p = 0.15).
tion of the NR2A and NR2B subunits, which was not 0, = 0.35, It is evident from Figures 5 and 6 that overall levels of mRNA 0.47).
for the NRl subunit and for the NR2 subunits in the prefrontal The 40% decrease in the proportion of NR2C subunit mRNA cortex of schizophrenics and controls are higher than in the in the schizophrenic cohort was significant (ANOVA: F (1,28) = parieto-temporal cortex. This result is summarized in Table 2, 5.55, p = 0.04). Considering that levels of NR2C subunit mRNA which shows for each cohort the levels of mRNA averaged across in both cohorts are close to the level at which expression is the six cortical layers and the percentage increase in the prefrontal detectable by means of in situ hybridization histochemistry, the cortex compared with the parieto-temporal cortex. The differquantification and subsequent statistical evaluation of NR2C ences between the two cortical regions were significant both in the mRNA levels has to be viewed cautiously. However, the signifischizophrenic and in the control cohort (schizophrenics, cant shifts in the relative proportions of the four NR2 subunit MANOVA: F (5,24) = 4.49, p = 0.005; controls, MANOVA: mRNA, indicated by the MANOVA results shown above, did not F (5,24) = 2.81,~ = 0.03).
change when NR2C was removed from the analysis and the control cohort, the relative proportions of NR2 subunit 35 mRNA, listed in descending order, were 69 t 4% (NR2C), 13 ? 30 2% (NR2A), 10 t. 2% (NR2B), and 6 -C 1% (NR2D). The 8 *5 difference between schizophrenics and controls in relative levels I 20 of NR2 subunit mRNA was <15% for each subunit and without E 0 15 significance (p = 0.78-0.88) (Fig. 9&C ). 2 z 10 DISCUSSION 5
Diversity of NMDA receptor subunit mRNA expression SCh c NC in human neocortex The present study demonstrates that mRNAs for NRl, NR2A.
prefrontal cortex of schizophrenics (Sch Figure 8 . Relative levels of NR2D subunit mRNA (abscissa) in the ), controls' (C), and neuroleptic-~YUL~ significant increase (asterisk) in schizophrenics.
NRI NRZA NRPB NRSC NRPD Figure 9 . A, Levels of NRl and NR2A-D subunit-specific mRNA expression in the cerebellar granule cell layer of schizophrenics (blrrck bars) and of controls (shadowed bars). Data are shown as cohort mean t-SEM. B and C, Pie charts of the relative proportions of NR2 mRNAs in the cerebellar granule cell layer of schizophrenics (B) and of controls (C), showing the large proportion of mRNA for NR2C subunit but lack of significant differences between schizophrenics and controls.
MANOVA was performed with NR2A, NR2B, and NR2D only (p = 0.04).
In the prefrontal cortex of the neuroleptic-treated control cohort, the relative proportions of the NR2 subunit mRNA, listed in descending order, were 37 t 5% (NR2B), 34 t 5% (NR2A), 23 t 4% (NR2D), and 4.7 t 0.7% (NR2C). The differences between these and the control cohort were not significant (MANOVA: F (3,20) = 0.13,~ = 0.94). There also were no significant differences in the proportion of individual subunits (p = 0.63-0.94). The differences in relative proportions of NR2 subunit mRNA between the neuroleptic-treated control cohort and the schizophrenic cohort were significant (MANOVA: F (3,20) = 3.39,~ = 0.04). In the parieto-temporal cortex of controls, the relative proportions of the NR2 subunit mRNA, listed in descending order, were 38 -C 4% (NR2B), 34 t 4% (NR2A), 22 ? 2% (NR%D), and 5 t 1% (NR2C) (Fig. 7E) . In schizophrenics, the relative proportions were 41 ? 3% (NR2B), 31 -t 2% (NR2A), 21 -C 2% (NR2D), and 4 -C 1% (NR2C) (Fig. 70) . The differences did not reach levels of significance (MANOVA: F (3,26) = 1.06, p = 0.38). The two cohorts also did not differ significantly in the proportions of individual subunits (p = 0.10-0.74).
Quantitative analysis of the mRNA levels in the cerebellar cortex of schizophrenic and control brains In the cerebellar cortex of controls, levels of NRl subunit mRNA were 683 nCi/gm (Fig. 9A) . Levels of NR2C subunit mRNA were 857 nCi/gm. Levels of the other NR2 subunit mRNA were 126 nCi/gm NR2A, 129 nCi/gm NR2B, and 96 nCi/gm NR2D (Fig.  9A ). In the schizophrenic cohort, levels of NRl and NR2A-D subunit mRNA differed <15% from the control cohort (Fig. 9A) , and no significant differences were observed (p = 0.61-0.93). In and NR2B subunits of the NMDA receptor are expressed at comparatively high levels in the human neocortex, whereas NR2D subunit mRNA is expressed at intermediate levels and NR2C subunit mRNA only at very low levels. A previous study analyzing the distribution of NRl subunit immunoreactivity in monkey and human neocortex reported widespread immunostaining in large numbers of pyramidal and other putatively excitatory neurons and in inhibitory, GABAergic neurons of all cortical layers (Huntley et al., 1994) . The present study suggests that a similar large majority of cortical neurons coexpresses the NRl subunit with one, two, or three different NR2 subunit polypeptides, potentially creating heteromeric NMDA receptors with diverse functional properties. This was suggested previously for cerebral cortex df rodents, which until the present study had been the only mammals in which the cortical distribution of mRNA for NMDA receptor subunits had been mapped (Watanabe et al., 1993; Monyer et al., 1994) . Neurons in the cerebral cortex of rats and mice express primarily the NRl, NR2A, and NR2B subunits (Watanabe et al., 1993; Monyer et al., 1994) . The NR2D subunit is expressed at lower levels only in a subset of cortical neurons, and expression of the NR2C subunit is limited to neuroglial cells scattered throughout cortex and underlying white matter (Watanabe et al., 1993) . It seems therefore that differential levels of expression for individual NMDA receptor subunits are similar in rodent and human cerebra1 cortex. In rodents, however, different functional areas of neocortex seem to have a fairly homogeneous distribution of NMDA receptor subunit mRNA (Watanabe et al., 1993; Monyer et al., 1994) and do not differ substantially in the overall density of binding for various NMDA receptor ligands (Buller et al., 1994) . In the human, by contrast, there seems to be a greater level of complexity. A previous receptor-binding study, conducted on human neocortex with ligands binding to the glycine site of the NMDA receptor, reported regional differences. Binding in prefrontal cortex, in particular, was 30-40% higher compared with parieto-temporal cortex of the supramarginal and angular gyri (Ishimaru et al., 1994, their Table 1 ). In light of the present findings, which show higher levels of mRNAs for NMDA receptor subunits in prefrontal cortex than in parieto-temporal cortex, it seems that the expression of NMDA receptors in human neocortex is regulated differentially in different functional regions. According to the present study and other in viva studies (Buller et al., 1994; Farrant et al., 1994; Fitzgerald et al., 1995) , the regulation occurs at the level of gene transcription or mRNA turnover; the role of translational regulation (Sucher et al., 1993) and the possibility of changes in relative proportions of NRl splice variants remain to be explored.
The relatively high mRNA levels and ligand-binding sites for NMDA receptors in the prefrontal cortex imply that NMDA receptors could play an important role in frontal lobe-specific functions (Fuster, 1985) , including the establishment of frontal lobe-associated working memory (Goldman-Rakic, 1995 (Bennett et al., 1995) , indicates that compromised NMDA receptor function has potentially important consequences for frontal lobe function.
Gene expression for NMDA receptor subunits in human cerebellar cortex The very high levels of NR2C subunit mRNA in the granule cell layer of the cerebellar cortex were in sharp contrast to the very low levels of this mRNA in the cerebral cortex. Levels of mRNAs for the NR2A, NR2B, and NR2D subunits, conversely, were very low in the cerebellar cortex, indicating that the expression pattern of genes for the NR2 subunit family is opposite and complementary in human cerebral and cerebellar cortex. This has also been reported in rodents (Kutsuwada et al., 1992; Akazawa et al., 1994; Monyer et al., 1994) . Based on the labeling pattern of film autoradiograms, the present study found no evidence for a substantial expression of NR2 subunits in Purkinje cells. Histological studies in the rodent reported either no detectable levels or very low levels of NR2 subunit mRNA (Akazawa et al., 1994) and protein (Petralia et al., 1994a) in the Purkinje cell layer. Considering that functional NMDA receptors are virtually absent in mature Purkinje cells (DuPont et al., 1987; Garthwaite et al., 1987 ) the very high levels of NRl subunit mRNA (Akazawa et al., 1994; Monyer et al., 1994) and protein Petralia et al., 199413) in these neurons may indicate that this particular NMDA receptor subunit not only is integrated into NMDA receptor channels but also has additional, yet unknown functions.
Selective alterations
in the prefrontal cortex of schizophrenics The present study demonstrates that the prefrontal cortex of schizophrenics has abnormal relative proportions of mRNAs for the four different NR2 subunit polypeptides, primarily because of the 53% increase in relative levels of mRNA for the NR2D polypeptide. It is apparent, however, that brains of schizophrenics do not show a generalized abnormality in the expression pattern of NMDA receptor subunits. The lamina-specific expression and the regional heterogeneity in overall levels of subunit mRNA was preserved in the frontal and parieto-temporal cortex of schizophrenics. In addition, the same complementary distribution of mRNA for the NR2 subunits in the cerebral and cerebellar cortex observed in controls was found in schizophrenics, as was the subunit-specific expression in Purkinje cells. These results make it unlikely that a generalized dysfunction of the NMDA receptor or a fundamental abnormality in the pattern of gene expression for individual receptor subunits is a primary factor in the pathophysiology of schizophrenia.
Lack of comparable changes in the neuroleptic-treated control group indicates that the changes observed in the prefrontal cortex of the schizophrenic cohort of the present study are unlikely to be drug treatment-related effects. This finding is also supported by animal studies demonstrating that the blockade of dopamine (D)2 receptors by typical neuroleptics such as haloperidol does not alter NMDA receptor gene expression in the cingulate and adjacent prefrontal cortex, but instead selectively changes levels of NRl mRNA and protein in the striatum (Fitzgerald et al., 1995) .
Implications
for disordered frontal lobe functions in schizophrenia The potential importance of NMDA receptor activity for the normal frontal cortex, as outlined above, implies that NMDA receptors could be involved in conditions that are accompanied by dysfunction and hypoactivity of the frontal lobe, as frequently observed in patients with schizophrenia (Ingvar and Franzen, 1974; Buchsbaum et al., 1984; Weinberger et al., 1986; Andreasen et al., 1992; Tamminga et al., 1992) . The question, then, is how the present findings, i.e., upregulation of NR2D mRNA and changes in the relative proportions of NR2 subunit mRNA, might be related to the hypofrontality of schizophrenia.
In rodent cerebral cortex, the expression of the NR2D subunit is developmentally regulated and is most prominent during the first postnatal week when neuronal activity is only moderate (Armstrong-James and Fox, 1988) but nonetheless required to induce the formation of specific neuronal connections, which are mediated in part by NMDA receptors (Kleinschmidt et al., 1987; Schlaggar et al., 1993; Li et al., 1994) . Recombination experiments in cell culture demonstrated that NMDA receptors assembled from NRl and NR2D subunits show a prolonged decay rate of glutamate-induced ion currents and a lowered threshold for voltage-dependent Mg2+ blockade compared with NMDA receptors assembled from NRl and NR2A or NR2B subunits . These special kinetic properties of (presumably) postsynaptic NMDA receptors containing the NR2D polypeptide are thought to ensure effective postsynaptic depolarization under conditions when presynaptic activity is reduced , as observed for example at immature synapses in the developing brain (Armstrong-James and Fox, 1988; Hestrin, 1992) . Therefore, the increased proportion of this "hyperexcitable" type of NMDA receptor in the prefrontal cortex of adult schizophrenics could be a significant response to prefrontal hypoactivity in order to compensate for a general reduction in neuronal activity and concomitant deficits in afferent input to excitatory, NMDA receptor-containing synapses. Although the primary cause of prefrontal dysfunction in schizophrenia remains to be identified, it is now evident that not one but many neurotransmitter systems, including the GABAergic (Benes et al., 1992 (Benes et al., , 1993 Akbarian et al., 199.5) serotoninergic (Arora and Meltzer, 1991; Laruelle et al., 1993) and glutamatergic systems (Deakin et al., 1989) are compromised. This may be brought about by deficits in synaptic proteins (Browning et al., 1993; Glantz and Lewis, 1994) and loss of neuropil (Selemon et al., 1993) , as seen in some samples of schizophrenics. Alterations of this kind, on the other hand, are potential indicators of a profound defect in connectivity patterns of the prefrontal cortex, which in some schizophrenics could be attributable to a developmental defect in the formation of corticocortical and thalamocortical connections (Hyde et al., 1992; Akbarian et al., 1993a Akbarian et al., ,b, 1995 . Therefore, alterations in gene expression for NMDA receptor subunits, as reported in the present study, and the abnormalities in prefrontal metabolism demonstrated by ketamine challenge in in ~ivo imaging studies of schizophrenics (Breier et al., 1995) may indicate a disturbance of NMDA receptor-mediated signal transduction that ultimately could be caused by an abnormality in the neural circuitry of the frontal lobe.
